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This study focusses on the use of montmorillonite clay (MMT) treated with an organic compound (aminotrimethylphosphonic acid (ATMP)) and
dispersed in an epoxy resin to improve corrosion protection of carbon steel. X-ray diffraction was performed to verify that the individual silicate layers
were separated and dispersed in the epoxy resin. Corrosion resistance of the coated steel was evaluated by electrochemical impedance spectroscopy (EIS)
and local electrochemical impedance spectroscopy (LEIS). Three systems were tested: the epoxy clear-coat, the epoxy resin containing 2 wt.% clay and
the epoxy resin containing 2wt.% claymodified byATMP (ATMP-modified clay). From conventional EIS, itwas shown that the incorporation of clay or
ATMP-modified clay in the epoxymatrix significantly improved the barrier properties of the coating. The corrosion resistance of the carbon steel coated
by the epoxy resin containing ATMP-modified clay was higher than that obtained for the system containing non-treated clay. Local electrochemical
measurements performed on scratched samples revealed the inhibitive role of ATMP at the carbon steel/coating interface.Keywords: Epoxy resin; Clay; Aminotrimethylphosphonic acid; Corrosion protection; EIS; LEIS1. Introduction
Organic coatings are widely used to prevent corrosion of
metallic structures because they are easy to apply at a reasonable
cost. It is generally accepted that the coating efficiency is
dependent on the intrinsic properties of the organic film (barrier
properties), on the substrate/coating interface in terms of
adherence, on the inhibitive or sacrificial pigments used and on
the degree of environment aggressiveness. Due to the problems of
high toxicity associated with inhibitive pigments such as
strontium or zinc chromates, various studies have been carried
out to develop environmentally more acceptable coatings.
During the last years, polymer clay nanocomposites have
attracted a lot of attention. It has been reported that the
incorporation of a small amount (1–5%) of layered clay in
organic polymers leads to significant improvements in mechan-⁎ Corresponding author. Tel.: +33 5 62 88 56 65; fax: +33 5 62 88 56 63.
E-mail address: nadine.pebere@ensiacet.fr (N. Pébère).
doi:10.1016/j.surfcoat.2007.02.009ical performance, thermal stability, and barrier properties of
organic coatings [1–27]. These improvements are related to the
morphology of the layered silicates and to the specific
incorporation of the nanoparticules in the polymer. An ideal
exfoliated morphology consists of a complete separation and
dispersion of the individual silicate layers in a continuous
polymer matrix. In this case, there is no longer any interaction
between the layers, which are completely dissociated. In an
exfoliated morphology, the spacing between the layers is larger
than 100 Å, since the original spacing of the layered silicate is in
the order of 10–30 Å and there will be a large amount of
polymer penetrating inside the interplanar gallery [17]. The
most widely used layered silicate is montmorillonite (MMT).
The chemical structures of MMT consist of two sheets of
tetrahedral silica fused to an edge-shared octahedral-based sheet
of either magnesium or aluminium hydroxide [18]. Generally,
the surface of the clay needs to be modified to improve its
dispersibility in the polymeric network. To render the layered
silicate organophilic, the Na+ and/or Ca2+ ions in the interlayer
regions can be replaced by organic cations through a cation
exchange reaction.
Numerous publications have been devoted to the preparation
and characterization of the properties of organicmodified clays but
only few papers have presented results concerning the corrosion
protection of metals. The improvement of the corrosion resistance
of aluminium alloys [17] and of cold rolled steel [23–27] with
polymeric films reinforced with organically modified clay has
been clearly demonstrated. The corrosion protection was
essentially related to the enhancement of the barrier properties of
the coating. It is noteworthy that, as already mentioned, the clay is
organically treated to favour its dispersibility in the polymeric
matrix but to our knowledge, the choice of the organic compounds
was not justified in relation with their inhibitive properties.
In the present study, montmorillonite clay was modified by
aminotrimethylphosphonic acid (ATMP) and incorporated into
an epoxy matrix. ATMP contains both an alkyl ammonium
cation and three phosphonic groups. It was chosen because in
previous studies [28,29], it was found that ATMP, tested in a
sodium chloride solution as a corrosion inhibitor, limited the
corrosion of carbon steel. The inhibitive action is a consequence
of the anodic effect of the compounds due to the chelation of
Fe2+ by the ATMP molecules [28,29]. The modified clay was
characterized by infrared spectroscopy. X-ray diffraction was
performed to verify the exfoliation of the silicate layers in the
epoxy resin. The protective properties of epoxy coatings were
evaluated by conventional electrochemical impedance spec-
troscopy (EIS). Local electrochemical impedance spectroscopy
(LEIS) was used to investigate delamination phenomena at the
steel/epoxy coating interface. Recently, it was shown that with
LEIS it was possible to observe the initiation and propagation of
delamination from an artificial defect at a steel/epoxy–vinyl
primer interface [30]. Scanning electron microscopy and energy
dispersive spectroscopy (SEM/EDS) were carried out to detect
the presence of clay at the steel/epoxy coating interface.
2. Experimental
2.1. Materials
Carbon steel sheets (150×10×2 mm) were used as
substrates. They were polished with an abrasive paper from
80 to 600 grades and degreased with xylene. The sample had the
following composition in percent weight: C=0.35, Mn=0.65,
Si=0.25, P=0.035 and Fe to 100.
Aminotrimethylphosphonic acid (ATMP) was kindly supplied
by Henkel Technologies-Concorde Chimie, France. The mont-
morillonite (MMT) was from Tuy Phong-Binh Thuan province in
Vietnam. This clay consisted of a 2/1 ratio of silica to alumina, the
swelling degree was 500% and the ion exchange capacity was
100–115 meq/100 g. Before use, the hydrophilic clay was rinsed
with pure water and a homogeneous suspension obtained.
2.2. ATMP modification of the clay
The pristine clay (3.0 g) was dispersed in distilled water
(300 ml) containing concentrated hydrochloric acid (0.5 ml) andATMP (7.0 g). Then, the suspension was stirred at 70 °C for
24 h to afford a white precipitate. This precipitate was filtered
and washed with water until no chloride was detected in the
filtrate using a 0.1 M AgNO3 solution. The ATMP-modified
clay was then dried at 80 °C in a vacuum oven for 2 days.
2.3. Coating
Epoxy resin was an Epikote 828 and the curing agent was
dimethylaminopropylamine. Both compounds were purchased
from Ciba Co. The ATMP-modified clay was incorporated in
the epoxy coating at three concentrations: 2 wt.%, 3.5 wt.% and
5 wt.%. Only the results obtained with 2% are reported here
because with this concentration the best corrosion protection
was obtained. This result validates the fact that a low clay
content is sufficient to achieve the required properties.
The liquid paints were applied by air spraying and after
drying (ambient temperature for 24 h), the coatings were 30±
3 μm thick (measured by Minitest 600 Erichen digital meter).
2.4. Analytical characterizations
Fourier transform infrared spectra were recorded with a
Nexus 670 Nicolet spectrometer over the range 4000 cm−1 −
400 cm−1. The spectra of pristine clay and ATMP-modified clay
were recorded from a KBr disc. The spectrum of ATMP was
obtained from smears on KBr plates. XRD patterns were
recorded on a Siemens D5000 diffractometer with Cu Kα X-ray
diffraction.
SEM–EDS analyses were carried out with a Leo 435 VP
scanning electron microscope.
2.5. Electrochemical characterizations
For the classical EIS measurements, a three-electrode cell
was used: the working electrode with an exposed area of
28 cm2, the saturated calomel reference electrode (SCE) and a
platinum auxiliary electrode.
The global impedance measurements were performed using
an Autolab PGstat30 over a frequency range of 100 kHz to a
few mHz with seven points per decade using 30 mV peak-to-
peak sinusoidal voltage. For each system, three samples were
tested to ensure reproducibility. Localized Electrochemical
Impedance spectroscopy (LEIS) was carried out with a
Solartron 1275. This method used a five-electrode configuration
[30,31]. To observe delamination, an artificial defect was made
manually with a cutting knife on the coated samples. For local
electrochemical impedance mapping (LEIM), the probe was
stepped across a designated area (32,000×24,000 μm) of the
sample. The step size was 500 μm in X and Y directions.
Admittance was plotted rather than impedance to improve the
visualization of the mapping. The maps were obtained at a fixed
frequency of 5 kHz.
The corrosive medium was a NaCl solution (reagent grade)
in contact with air, quiescent and at ambient temperature. The
concentration for the conventional impedance measurements
was 0.5 M and 0.001 M for the local impedance: local
Fig. 1. FTIR spectra of (a) clay (MMT), (b) ATMP and (c) ATMP-modified clay.measurements required low conductivity (9.4 105 S cm−1) to
optimize resolution.
3. Results and discussion
First, IR spectroscopy and X-ray diffraction analysis are
presented to discuss the chemical modifications of ATMP-
modified clay and the structural variations of the layered silicate
after being dispersed in the epoxy resin. Then, global and local
impedance data were analyzed to characterize the corrosion
protection of the carbon steel coated by the epoxy resin
containing ATMP-modified clay. Finally, SEM–EDS analysis
was performed at the carbon steel/epoxy coating interface to
have a better knowledge of the mode of action of the ATMP-
modified clay at the carbon steel/epoxy coating interface.
3.1. Characterization of ATMP-modified clay
Fig. 1 presents the FTIR spectra of clay, ATMP and ATMP-
modified clay. The characteristic bands of the spectra are given
in Table 1. The spectrum of the clay shows bands at 1032 cm−1,
524 cm−1 and 468 cm−1 characteristic of the Si–O, Al–O and
Mg–O bonds, respectively [32]. These bands were also found inTable 1
Characteristic bands of FTIR spectra obtained for ATMP, clay and ATMP-
modified clay
ATMP
(cm−1)
Clay
(cm−1)
ATMP-modified
clay (cm−1)
Bond
– 468 468 Mg–O
– 524 526 Al–O
– 1032 1036 Si–O
1271 – 1271 P_O
1725 – 1725 P–OC
2960 – 2960 –CH2
2859 2859the spectrum of ATMP-modified clay (1036 cm−1, 526 cm−1
and 468 cm−1). The hydrocarbon chain of the ATMP gave
bands at 2960 cm−1 and 2859 cm−1 and ATMP-modified clay
also presented the same bands. The bands at 1271 cm−1 and
1725 cm−1 for ATMP and ATMP-modified clay were attributed
respectively to the P_O bond and to the P–OC bond of the
phosphonic group [33]. From the comparison of the three
spectra (Fig. 1), it can be concluded that ATMP molecules were
inserted in the clay backbone.
Fig. 2 shows X-ray diffraction patterns of the clay, of the
ATMP-modified clay and of the ATMP-modified clay in the
epoxy coating. The peak corresponding to the d001 plane of the
pristine clay appears at 2θ=7° and for the ATMP-modified clay,
it appears at 2θ=5.60°. The peak d001 corresponds to the d-
spacing of the lamellar structure of MMT. The comparison of
the global spectra of clay and ATMP-modified clay (not
presented in the paper) showed that only the peak for the low
angle was modified indicating that the MMT crystal was not
changed by the cation exchange reaction. d-spacing was
calculated from Bragg's Law given in Eq. (1):
k ¼ 2d sinh ð1Þ
where λ is the wavelength of the X-ray radiation, θ is the
glancing angle and d is the interplanar spacing of the clay
layers.
From Fig. 2, the calculated d-spacing is 12.6 Å and 15.8 Å
for the clay and for the ATMP-modified clay, respectively. The
increase in d001 spacing in the ATMP-modified clay compared
to pure clay is due to the exchange of cations by ATMP which
increased the gallery spacing. For the epoxy coating loaded with
ATMP-modified clay there is a lack of any diffraction peak in
the X-ray spectrum indicating that the interplanar spacing
between the galleries is larger than 29.3 Å (the lowest measured
angle (2θ) is of 3°) and thus, it can be concluded that a
significant degree of intercalation dispersion has occurred in the
epoxy matrix [34–37]. Small-angle X-ray scattering andFig. 2. X-ray diffraction spectra of (a) clay, (b) ATMP-modified clay and (c)
ATMP-modified clay in the epoxy coating.
Fig. 3. Electrochemical impedance diagrams obtained for the carbon steel
covered by the pure epoxy coating after (a) 7 days and (b) 56 days of exposure to
the 0.5 M NaCl solution.transmission electron microscopy would be necessary to reach
the exact morphology of the silicate nanolayers in the epoxy
coating.
3.2. Conventional impedance
Impedance diagrams were plotted at the corrosion potential
to characterize the corrosion resistance of the carbon steelFig. 4. Electrochemical impedance diagrams obtained for the carbon steel
covered by the epoxy coating containing 2 wt.% clay after (a) 7 days and
(b) 56 days of exposure to the 0.5 M NaCl solution.covered by the pure epoxy coating, by the epoxy coating
containing 2% clay and by the epoxy coating containing 2%
ATMP-modified clay. As an example, the impedance diagrams
plotted after 7 days and 56 days of exposure to the 0.5 M NaCl
solution are presented in Figs. 3–5 for each of the three systems.
For the pure epoxy (Fig. 3), the diagrams are characterized
by two well defined capacitive loops. For organic coatings, the
usual interpretation of the impedance diagrams is the following:
the high-frequency (HF) part is related to the organic coating
while the low frequency (LF) part corresponds to the reactions
occurring on the metal through defects and pores in the coating
[38,39].
For the epoxy coating containing 2 wt.% of clay (Fig. 4), the
diagrams are also characterized by two time constants.
However, the second time constant is not well defined and in
fact, a linear part appeared in the LF range, which suggests that
diffusion processes occur through the coating [40]. The
resistance values associated with the HF part are significantly
higher than those obtained for pure epoxy. This is in agreement
with the increase of the tortuous diffusion pathway of oxygen
and water induced by the dispersion of silicate layers in the
epoxy matrix [27,34].
For the epoxy coating containing 2% ATMP-modified clay
(Fig. 5), it can be noted that the diagrams are more depressed
than those obtained for the other two systems. The impedance
values are higher with ATMP-modified clay and in addition, the
values remained high when the exposure time increased. Thus,
it can be concluded that the presence of ATMP molecules in the
MMT backbone is responsible of the observed behaviour.
As in previous works [41,42], the values of the resistance
associated to the HF loop (Rf), extracted from the impedance
diagrams, was used to follow the degradation of the differentFig. 5. Electrochemical impedance diagrams obtained for the carbon steel
covered by the epoxy coating containing 2 wt.% ATMP-modified clay after
(a) 7 days and (b) 56 days of exposure to the 0.5 M NaCl solution.
Fig. 7. LEIM carried out at 5 kHz for the pure epoxy resin around the scratched
area (a) after 5 days and (b) after 12 days of immersion in the aggressive NaCl
solution.
Fig. 6. Rf versus immersion time in the 0.5 M NaCl solution for the carbon steel
covered by (○) pure epoxy, (■) epoxy containing 2 wt.% clay and (●) epoxy
containing 2 wt.% ATMP-modified clay.systems with exposure time in the aggressive solution. Rf was
obtained by a fitting procedure. The impedance Rf is associated
with ionic transport through the coating and thus, gives
information on the barrier properties of the coating. Fig. 6 reports
the variation ofRf as a function of exposure time in the aggressive
solution.
For the pure epoxy coating, Rf decreased rapidly during the
first 7 days of immersion, then, it remained stable with immersion
time at a low value (around 50 kΩ cm2). This result indicates a
rapid loss of the barrier properties of the film. The fall ofRf during
the first few days of exposure was attributed to the penetration of
the electrolyte through the coating. It is clear that the introduction
of the clay particles in the epoxy coating led to a significant
improvement of the barrier properties. Nevertheless, the compar-
ison of Rf between the coating containing natural clay and the
coating containing ATMP-modified clay revealed that the
presence of ATMP improved the barrier properties of the coating.
For the epoxy coating containing ATMP-modified clay, the film
resistance decreased during the first 7 days of immersion, and then
kept a high constant value compared to pure epoxy coating
(around 1000 times higher) at longer exposure times. The high
value of Rf can be explained by a good dispersibility of the
organically modified clay in the resin.
The LF part of the diagrams is not well defined (see for
example, Figs. 4a or 5b) and consequently the parameters
associated to the corrosion process (charge transfer resistance
and double layer capacitance) cannot be readily extracted. The
low frequency points are extremely tedious to obtain and often
no longer reliable. A lower limit of 10 mHz was set for all the
experiments. Nevertheless, from Figs. 3–5, it appears that the
impedance values in the low frequency range allow the fol-
lowing qualitative ranking: Zepoxy coatingbZepoxy coating + 2% clayb
Zepoxy coating +ATMP-modified clay.3.3. Localized electrochemical impedance mapping
Figs. 7 and 8 present LEI maps obtained after two times of
exposure to the 0.5 M NaCl solution for the pure epoxy coating
and for the epoxy containing 2% ATMP-modified clay,
respectively. For both systems, on the edge of the scratch,
admittance increases (impedance decreases) when the exposure
time to the aggressive solution increases. It can be assumed that
the high admittance values (low impedance values) correspond to
a loss of adherence of the coating indicating delamination [30].
After 12 days of immersion, the measured delaminated area
(evaluated from2Dplots) was approximately the same for the two
systems. It is noteworthy that in the scratch, the behaviour of the
two systemswas different. For the pure epoxy coating, admittance
remained high. After the test, visual observation revealed the
presence of brown, rusty and poorly adherent corrosion products.
For the epoxy coating containing 2% ATMP-modified clay,
admittance was always lower than the admittance measured for
pure epoxy. This result indicates the inhibitive action of ATMP at
Fig. 8. LEIM carried out at 5 kHz for the epoxy resin containing 2 wt.% ATMP-
modified clay around the scratched area (a) after 5 days and (b) after 12 days of
immersion in the aggressive NaCl solution.
Fig. 9. SEM pictures of (a) ATMP-modified clay and (b) a carbon steel surface
after 2 h of immersion in the ATMP-modified clay solution.the carbon steel surface as well as in the scratch area. Here, after
12 days of exposure, the visual observation revealed the presence
of black, adherent corrosion products.
From local analysis, it can be concluded that the corrosion
protection afforded by ATMP-modified clay is significant.
Nevertheless, the adhesion of the coating is not modified by
comparison with pure epoxy. Good coating adherence will be
required to develop an efficient protective primer.
3.4. Interface characterization
To characterize the action of ATMP-modified clay at the
carbon steel surface, the following experiment was performed:
the carbon steel electrode was dipped into an aqueous solution
containing ATMP-modified clay (0.25 wt.%) for 2 h. Then, the
carbon steel surface was observed by SEM and compared to an
image of ATMP-modified clay alone (Fig. 9). The two
photographs show the same morphology. In Fig. 9a, the lamellarstructure of the clay is clearly visible. In Fig. 9b, it can be seen
that a relatively thick and porous layer of ATMP-modified clay
covered the carbon steel surface. This shows that in aqueous
solution, the ATMP-modified clay reaches the electrode surface
and deposits. It is noteworthy that when the carbon steel
electrode was dipped into an aqueous solution containing clay
(0.25 wt.%), the carbon steel surface was bright, without any
deposit.
In a second step, a cross-section of the carbon steel covered by
the epoxy coating containing ATMP-modified clay was made to
analyse the distribution of the ATMP-modified clay in the coating.
A SEM image and element distribution in the epoxy coating are
shown in Figs. 10 and 11, respectively. In Fig. 10, the organic
coating appears homogeneous. In Fig. 11, the presence of ATMP-
modified clay should give rise to silica, aluminium and magnesium
peaks. However, in the coating, only carbon and oxygen are
detected (Fig. 11a). The clay is not detected due both to the small
size of the sheets (about 10Å) and its low content (2%). Conversely,
peaks of carbon, oxygen, iron, silica, aluminium and magnesium
are observed at the steel/coating interface (Fig. 11b). Thus, it can be
assumed that part of the ATMP-modified clay accumulates at the
interface. This can be attributed to migration of the treated clay to
Fig. 10. SEM image of a cross-section of the epoxy coating/carbon steel
interface.
Fig. 11. EDS spectra of (a) the bulk epoxy film athe carbon steel surface through the epoxy coating, probably during
the application of the resin, before the cross-linking step. This
hypothesis is supported by the results obtained in the aqueous
solution (Fig. 9).
According to Gonzalez et al. [28,29], ATMP reacts with Fe2+
ion to form a complex at the steel surface affording protection
for the carbon steel. From both electrochemical impedance
measurements and surface analysis, it can be concluded that the
ATMP-modified clay plays a role on the barrier effect and also
acts as a corrosion inhibitor at the carbon steel/coating interface.
4. Conclusion
ATMP-modified clay was prepared by cation exchange
reaction. The infrared analysis shows the insertion of ATMP in
the backbone of the clay. From the impedance measurements, it
was found that the presence of ATMP-modified clay significantly
enhanced the protective properties of the epoxy coating. Cross-
section analysis of carbon steel covered by an epoxy coatingnd (b) the epoxy film/carbon steel interface.
containing ATMP-modified clay shows the presence of ATMP-
modified clay at the steel/epoxy coating interface. The corrosion
protection performance of the epoxy coating in the presence of
ATMP-modified clay was explained by both the barrier
properties due to the lamellar structure of the clay and the
corrosion inhibition at the carbon steel surface due to the
presence of phosphonic functions on the organic molecule.
The good performance of the coating containing claymodified
by organic compounds shows the feasibility of developing new
formulations without toxic inhibitors.
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